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Understanding the roles of amorphous domains
and oxygen-containing groups of nitrogen-doped
carbon in oxygen reduction catalysis: toward
superior activity†
Jasper Biemolt,

a

Gadi Rothenberg

a

and Ning Yan

*a,b

Nitrogen-doped carbons are promising candidates for replacing platinum catalysts in fuel cell electrodes.
They typically contain graphitic and amorphous domains, both of which contribute to the oxygen
reduction reaction (ORR) activity. Here, we aim at revealing the catalytic functions of each domain as well
of the surface functional groups, and ultimately at maximizing the catalytic performance of the materials
in the ORR. We develop a sequential oxidative-pyrolytic treatment to remove the amorphous domains
and to alter the surface functionalities. The eﬀectiveness of this approach is evidenced by various techniques. Our electrochemical results show a positive correlation between the ORR activity and the degree
of graphitization/oxygen functional group removal. While the oxidation-induced oxygen-containing
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group impairs the ORR, the amorphous domains seem facilitate the 2-electron transfer ORR, lack electrical conductivity and are rich in oxygen-containing groups. The ORR activity of the optimized sample

DOI: 10.1039/c9qi00983c

increases considerably in the alkaline electrolyte, giving a half-wave potential >0.85 V (vs. a reversible

rsc.li/frontiers-inorganic

hydrogen electrode) that is comparable to that of commercial platinum on carbon.

1.

Introduction

Fuel cells are power sources that convert chemical energy into
electricity.1,2 They are much more eﬃcient than internal combustion engines (currently 60% vs. 22–45%, respectively).3
Hydrogen-powered fuel cells have an additional advantage that
their only eﬄuent is water vapor (the hydrogen itself must be
produced somewhere, but the control of centralized emissions
is much simpler). Furthermore, unlike batteries, which carry
their entire “fuel” supply within them, fuel cells allow fast
refill. All these advantages make fuel cells an attractive part of
the sustainable energy economy.
But there is yet a catch. The cells must oxidize the fuel on
one electrode and reduce the oxygen on the other. This socalled oxygen reduction reaction (ORR) is a catalytic
bottleneck, often requiring a platinum containing
electrocatalyst.4,5 At over 24 000 US$ per kg, platinum is simply
too expensive for large-scale usage. Many ingenious concepts
for reducing Pt in fuel cell electrodes have been published
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recently,6–11 but an ideal solution would be avoiding any platinum-group metals entirely. Earlier, we, and others, showed
that this can be done using nitrogen-doped carbons (NCs).
These materials, which are inexpensive, readily produced and
scalable, show good ORR activity and stability.12–17 Their active
sites are ascribed to pyridinic and graphitic nitrogens.18–25
N-doped carbons reported in the literature, in many cases,
contain both graphitic and amorphous domains. The active
sites in these domains might behave diﬀerently. Undoubtedly,
graphitic domains show a high catalytic performance: using a
well-defined graphene substrate, Guo et al. demonstrated the
significance of pyridinic nitrogen for the ORR activity.18 Other
similar studies also showed a positive correlation between the
pyridinic nitrogen and the ORR performance.19 However, it is
unclear whether the same nitrogen moiety shows comparable
ORR activity in the amorphous domains. Indeed, Chen et al.
and Cao et al. reported good ORR activity in disordered amorphous nitrogen-doped carbons.26,27 Nonetheless, these amorphous carbons also accommodated a relatively large portion of
graphitic domains, making it diﬃcult to diﬀerentiate the performance between the two domains. In theory, both types of
domains have pros and cons: the graphitic domains give high
conductivity and contain orderly pyridinic nitrogens as the
active sites, the vital characteristics for electrocatalysts. In contrast, disordered domains have more intrinsic defects, which
generally function as active sites in catalysis in addition to the
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N-induced extrinsic defects.28,29 As a downside, the disorder
also generates more labile carbon bonds, which are prone to
carbon corrosion.30–33
Therefore, we still neither know how the amorphous phase
contributes to ORR catalysis nor have a rational approach for
optimizing the carbon catalyst in terms of the two domains.
Here, starting from a well-characterized series of nitrogendoped carbons with good ORR activity, we developed a rational
and simple approach for selective removal of the amorphous
phase and the surface oxygen-containing groups (OCGs). Our
results show that the new carbon outperforms nearly all the
N-doped carbons today and exhibits comparable activity to
that of the commercial 20 wt% Pt/C in an alkaline electrolyte.

2. Results and discussion
Nitrogen-doped carbons can be prepared in many ways, from
chemical synthesis to biomass pyrolysis.34–36 Here, we emphasize the importance of working with a well-defined system.
This is essential if one wants to have reproducible results. We
started from our previously reported material, which contains
both amorphous and graphitic domains.37 In a typical synthesis (Fig. 1a), multi-gram scale samples were prepared by
dissolving nitrilotriacetic acid (NTA) and magnesium carbonate in water (see the Experimental section in the ESI† for
detailed procedures). The precursors contain no ORR-active
element namely Fe, Co, or Ni, excluding their interference in
the reaction.
The fact that this NC has both amorphous and graphitic
domains makes it an excellent starting point. We then used a
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thermal treatment to gradually burn away the amorphous
parts (Fig. 1b). Previous studies on charcoal and graphite
showed that amorphous carbon reacts readily with reactive
oxygen species, while graphitic carbon reacts much more
slowly.38,39 However, this diﬀerence in oxidation kinetics only
applies at the right temperature. To pinpoint this temperature,
we measured the reactivity of the NC surface with oxygen using
temperature programmed oxidation (TPO, see Fig. 1c). The oxidation profile showed a single peak between 300 °C and
580 °C, in agreement with the results reported for activated
carbon.40 This single peak indicates a fast transition between
the amorphous and the graphitic carbon oxidation. That said,
the changing slope of the oxidation profile shows that the oxidation kinetics changes as the temperature is increased. To
understand this behavior, we studied samples treated at
diﬀerent temperatures: 350, 450 and 500 °C (dashed lines in
Fig. 1c). Intuitively, one would imagine that such a treatment
will also introduce oxygen-containing groups as well as surface
amorphization. Thus, we also subjected each sample to a pyrolytic treatment under an inert atmosphere at 900 °C to prohibit
their possible interference. This cascade oxidative-pyrolytic
treatment guaranteed the removal of the amorphous domains
while introducing few OCGs.
The eﬀectiveness of this treatment was analyzed with
Raman spectroscopy. Generally, this technique is used to
monitor the ratio between ordered (G-band at 1580 cm−1) and
disordered graphite planes (D-band at 1360 cm−1). Another
band for amorphous carbon is located at 1500 cm−1.41,42
Herein, we refer to these three bands as G, D1 and D2, respectively. Fig. 2a shows the deconvolution of the Raman spectrum
of pristine NC with the D1, D2 and G bands. Empirically, the

Fig. 1 (a) The schematic procedure of synthesizing NC from NTA; (b) the schematic of selective oxidation of the amorphous domains over the graphitic domains via the sequential oxidation-pyrolytic treatment. (c) TPO of the pristine NC material, measured from 100 to 900 °C with a ramp rate
of 2 °C min−1 and a ﬂow of 2 mL min−1 under 5% O2/He. The dashed lines indicate the temperatures used for the oxidations.
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Fig. 2 (a) Raman spectra showing curves ﬁtted with the ordered graphitic carbon (G band), disordered graphitic carbon (D1 band), and amorphous
carbon (D2 band). The arrow indicates the trough. (b) Raman spectra of the NC samples oxidized at 350 °C. (c) Raman spectra of the NC samples
oxidized at 450 °C. (d) Raman spectra of the NC samples oxidized at 500 °C. Oxidized samples are denoted as Ox-temp, and the pyrolyzed ones as
Ox-temp-P.

decrease in the trough shown by the arrow reflects the ratio
decrease in D2. This is supported by the complete deconvolution of a set of Raman spectra in Fig. S2.† Therefore, we
simply used the depth of this trough as a easier indicator of
the ratio of amorphous carbon in the samples. In general, the
ratio between the D1 and G peaks did not change across the
set of samples (Fig. 2b–d, where oxidized samples are denoted
as Ox-temp, and pyrolyzed samples as Ox-temp-P). This means
that defects in the graphite lattice were hardly introduced or
removed by the treatments. The trough did decrease after the
treatments, confirming the removal of amorphous carbon. The
largest loss in amorphous carbon occurred at 450 °C.
Increasing the temperature to 500 °C resulted in the surface
oxidation of the graphitic carbon. However, the amount of
such oxidation-introduced amorphous carbon decreased after
pyrolysis (see the spectrum of Ox-500-P in Fig. 2d), as
expected.
The removal of amorphous carbon hardly changed the morphology of the material. Earlier, we showed that this nitrogendoped carbon comprised micro-, meso- and macro-pores.37,43
The relatively low-temperature selective oxidation of amorphous carbon did not significantly alter the porosity of the
material. This was confirmed by nitrogen adsorption studies
of the oxidized samples (Fig. S3 and Table S1 in the ESI†). The
Brunauer–Emmett–Teller (BET) specific surface area (SSA)
remained essentially intact after oxidation treatment at 350 °C
and 450 °C (∼1300 m2 g−1), yet increased to >1700 m2 g−1 at
500 °C. In the meantime, the total pore volume after the oxidative treatment increased slightly, which was attributable to
the removal of the hydrogenated carbon layer on the surface,
transforming closed-pores into open pores. These changes are
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even visible in the scanning electron microscopy (SEM) micrographs (Fig. 3 and Fig. S4†). The surface of the pristine NC is
smooth and has fully covered carbon layers. Hence, the mesopores are barely observable (Fig. 3a). This surface layer was
removed after the oxidation, creating large visible mesopores
(Fig. 3b–d). High-resolution transmission electron microscope
(HRTEM) measurement was also carried out (see Fig. S5†), the
micrographs confirmed that more open pores have formed
after the oxidation treatment.
We then analyzed the ORR activity of these carbons using
linear sweep voltammetry (LSV, Fig. 4). These experiments
were all performed in an oxygen-saturated 0.1 M KOH electrolyte. The measured onset potential (Vonset), half-wave potential
(Vhalfwave) and electron transfer number (n), derived from the
Koutecký–Levich plot,44 are summarized in Table 1. All potentials are reported against the reversible hydrogen electrode
(RHE).
As we reported elsewhere,37 the pristine NC has a high
Vonset of 0.91 V and a Vhalfwave of 0.81 V (Table 1, entry 1). After
the oxidation, these values decreased to 0.89 V and 0.76 V for
Ox-350 (Fig. 4a and Table 1, entry 2), indicating a negative
eﬀect of the oxidation on the ORR activity. This negative eﬀect
was even more pronounced for Ox-450 (Fig. 4b and Table 1,
entry 4), with a Vonset of 0.87 V and a Vhalfwave of 0.79
V. Simultaneously, the selectivity for the 4e− pathway
decreased between Ox-350 and Ox-450. However, Ox-500 did
not show this trend. The Vonset and Vhalfwave (Fig. 4c and
Table 1, entry 6) of this sample were closer to those of the pristine NC, as was the 4e− pathway selectivity. After the pyrolysis
treatment, a positive correlation between the oxidation temperature and ORR activity was observed (Fig. 4d). Compared to
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The SEM micrographs of (a) the pristine NC, (b) Ox-350, (c) Ox-450 and (d) Ox-500.

Fig. 4 (a) LSV curves of the NCs oxidized at 350 °C. (b) LSV curves of the NCs oxidized at 450 °C. (c) LSV curves of the NCs oxidized at 500 °C. (d)
LSV curves of the pyrolysed NCs, showing a trend between the ORR activity and oxidation temperature. (e) LSV curves of pristine NCs, Ox-500-P
and commercial Pt/C. (f ) The Koutecký–Levich plots of all the NC samples at 0.5 V. All electrochemical experiments were performed in 0.1 M KOH
oxygen saturated electrolyte with a scan rate of 10 mV s−1 and 1600 rpm.

the pristine NC sample, the Vonset increased by 20 mV, 30 mV
and 60 mV for Ox-350-P (Table 1, entry 3), Ox-450-P (entry 5)
and Ox-500-P (entry 7), respectively. A similar eﬀect was
observed for the Vhalfwave and n of these samples. In fact, the
ORR activity of Ox-500-P becomes exceptionally high and
comes close to the activity of commercial Pt/C (Fig. 4e and
Table 1, entry 8), surpassing the state-of-the-art N-doped
carbon catalysts in the literature (see the comparison in
Table S2†).
The above results show a positive correlation between the
degree of amorphous carbon removal (oxidation temperature)
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and the ORR activity. Indeed, the low catalytic performance of
the amorphous domains can be ascribed to the lack of electrical conductivity and the selectivity to the 2-electron-transfer
ORR. However, three key questions remain: do the two
domains contain rather distinguished type/amount of N moieties? How does oxidizing these amorphous domains alone
cause the decrease in ORR activity? What leads to the performance increase after a subsequent pyrolysis?
A common explanation for the increased ORR activity of
NCs is the changes in the morphology and SSA. Indeed, the
treatments increased both the porosity and SSA, which will
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Table 1 The Vonset, Vhalfwave and electron transfer number (n) for the
NC samples

Entry

Sample

Vonseta (V)

Vhalfwave (V)

nb

1
2
3
4
5
6
7
8

Pristine NC
Ox-350
Ox-350-P
Ox-450
Ox-450-P
Ox-500
Ox-500-P
Pt/C

0.91
0.89
0.93
0.87
0.94
0.89
0.97
0.99

0.81
0.76
0.83
0.79
0.84
0.80
0.85
0.90

3.0–3.1
2.8–3.2
3.3–3.4
2.5–1.9
3.3–3.4
3.0–3.5
3.5–3.6
4c

a

Published on 25 October 2019. Downloaded on 3/7/2021 1:41:08 PM.

c

At a faradaic current of 100 μA cm−1.
Theoretical value.

b

Between 0.35 and 0.65 V.

aﬀect the ORR activity. However, these properties did not alter
in the oxidized and pyrolyzed samples, yet the Vonset and
Vhalfwave changed dramatically. Moreover, the electrochemically-active surface area (EASA) of all samples did not vary
much (see the specific capacitance values in Table S1†), implying that the change in the surface area is unlikely to play a
major role in the activity change. Note that the specific capacitance of both Ox-350 and Ox-450 is higher than the remaining
samples. This might pertain to the generation of aromatic
OCGs, increasing the pseudo-capacitance of the samples. The
subsequent pyrolytic treatment removed these moieties and
the capacitance thus decreased (vide infra).
To understand this, we decided to study further how the
oxidation and pyrolysis treatments aﬀect the surface structure.
X-ray photoelectron spectroscopy (XPS) showed that the atomic
composition of the surface changed after the oxidation treatment (Table 2). The pristine NC (entry 1) surface had only 4%
oxygen, while this increased to 11% for both Ox-450 (entry 4)
and Ox-500 (entry 6). Surprisingly, no change in the oxygen
content was observed for Ox-350 (entry 2). According to the
previous studies using diﬀuse reflectance infrared Fourier
transform spectroscopy, a carbon with minimal sp2 characteristics, e.g. amorphous domains, will undergo full gasification
during oxidation without generating oxygen functionalities on
the surface.45 We therefore infer that there was a selective gasification of the amorphous domains at 350 °C. At 450 °C and
higher temperature, the graphitic domains started to oxidize.
But the subsequent pyrolysis removed the oxygen atoms, yielding similar oxygen content values as the pristine NC. The nitro-

Table 2

Surface atomic ratiosa

Entry

Sample

C content (%)

N content (%)

O content (%)

1
2
3
4
5
6
7

Pristine NC
Ox-350
Ox-350-P
Ox-450
Ox-450-P
Ox-500
Ox-500-P

92.2
91.2
91.8
84.7
91.5
83.5
93.3

4.2
4.8
3.7
4.3
3.5
5.2
4.1

3.5
4.0
4.4
11.0
5.0
11.3
2.7

a

gen content did not change during the oxidation (the fluctuations are attributed to localized heterogeneity in the
material). This also reflects the fact that both domains contained similar amounts of nitrogen.
While the nitrogen content was unaﬀected by the treatments, the specific surface groups hardly interchanged either.
The diﬀerent nitrogen moieties, shown in Fig. 5, were characterized by deconvoluting the N 1s XPS peak (see Fig. S7 in the
ESI†). The deconvolution gave four nitrogen peaks: graphitic
(398.2 eV), pyrrolic/pyridonic (399.7 eV), pyridinic (401.1 eV)
and oxidized nitrogen (403.2 eV). Again, the biggest change in
the ratios was observed for Ox-450 (Table 3, entry 4) and Ox500 (entry 6). At these temperatures, the pyridinic nitrogen was
oxidized to the pyridonic one. This change hardly aﬀected the
ORR activity according to the previous studies, e.g., Guo
showed that the pyridones, originated from the pyridines, were
the intermediates during the ORR.18 The pyrolysis of the oxidized samples converted these groups back to pyridinic
nitrogen.
Since no change in the nitrogen active sites among the
samples was detected, the increase in oxygen functionalities
was attributable to the drop of ORR activities for the oxidized
samples. While OCGs are active in the ORR, the activities of
each of these species is much lower than those of nitrogen
moieties.46 To prove this, we analyzed the diﬀerent oxygen
functionalities by deconvoluting the O 1s XPS peak (Fig. S8†).
Quinones, aromatic carbonyls and amides (530.7 eV), aliphatic
carbonyls (532.1 eV), alcohols and ethers (532.8 eV), aromatic

Calculated from the areas of the XPS peaks of C 1s, N 1s and O 1s.
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Fig. 5 The nitrogen and oxygen functional groups which are expected
in the pristine and/or oxidized form of the NC, divided over the graphitic
and amorphous carbon domains.
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Distribution of surface nitrogen functionalitiesa

Entry

Sample

Graphitic (%)

Pyridinic (%)

Pyrrolic/pyridonic (%)

Oxidized (%)

1
2
3
4
5
6
7

Pristine NC
Ox-350
Ox-350-P
Ox-450
Ox-450-P
Ox-500
Ox-500-P

1.22 (29.1)
1.33 (27.7)
1.08 (29.3)
1.29 (30.0)
1.05 (30.0)
1.55 (29.8)
1.07 (26.2)

1.65 (39.2)
1.81 (37.8)
1.38 (37.3)
1.19 (27.6)
1.05 (30.0)
1.51 (29.0)
1.32 (32.3)

0.53 (12.6)
0.76 (15.8)
0.53 (14.3)
1.02 (23.8)
0.67 (19.1)
1.31 (25.2)
0.60 (14.7)

0.80 (19.0)
0.90 (18.8)
0.71 (19.1)
0.80 (18.6)
0.73 (20.9)
0.83 (16.0)
1.09 (26.7)

Published on 25 October 2019. Downloaded on 3/7/2021 1:41:08 PM.

a
Based on the deconvolution of the N 1s XPS peaks. The first number represents the absolute percentage of the nitrogen functionality in the
sample, while the bracketed number represents the contribution of the functionality to the total amount of nitrogen.

alcohols and esters (533.6 eV), and carboxyl/adsorbed water
(534.9 eV) were used to represent the envelope of the O 1s XPS
peak.
The main contribution to low oxygen content in the pristine
NC came from both aromatic and aliphatic carbonyl groups

(Fig. 6a and Table 4, entry 1). A small shift between the ratios
of these two functional groups was observed for Ox-350 (entry
2). This resulted from the gasification of amorphous carbon,
increasing the contribution of the aromatic carbonyls/quinones. These groups favor a 2e− ORR pathway and require a

Fig. 6 Deconvolution of the O 1s XPS spectra into I aromatic carbonyl/quinone, II aliphatic carbonyl, III R–OH and ethers, IV Ar–OH and esters and
IV adsorbed water for (a) pristine NC; (b) Ox-450; (c) Ox-500. (d) The FTIR spectra comparison of pristine NC, Ox-500 and Ox-500-P.

Table 4 The distribution of diﬀerent oxygen functionalities on the NC surfacea

Entry

Sample

Aromatic carbonyl/
quinones (%)

Aliphatic carbonyls
(%)

R–OH and C–O–C
(ethers) (%)

Ar–OH and C–O–C
(esters) (%)

Adsorbed water
(%)

1
2
3
4
5
6
7

Pristine NC
Ox-350
Ox-350-P
Ox-450
Ox-450-P
Ox-500
Ox-500-P

1.33 (38.1)
1.70 (42.5)
1.80 (41.0)
5.24 (47.6)
2.36 (47.2)
4.47 (39.6)
0.77 (28.4)

0.90 (25.6)
0.78 (19.5)
1.14 (25.8)
1.97 (17.9)
1.17 (23.3)
3.15 (27.9)
0.84 (31.1)

0.29 (8.3)
0.43 (10.6)
0.38 (8.7)
0.97 (8.9)
0.39 (7.9)
0.92 (8.1)
0.22 (8.0)

0.31 (8.8)
0.34 (8.6)
0.52 (11.7)
1.14 (10.4)
0.34 (6.8)
1.16 (10.3)
0.32 (12.0)

0.67 (19.3)
0.75 (18.7)
0.57 (12.9)
1.67 (15.2)
0.74 (14.9)
1.60 (14.2)
0.56 (20.6)

a
Based on the deconvolution of the O 1s peak in XPS. The first number represents the absolute percentage of the nitrogen functionality in the
sample, while the bracketed number represents the contribution of the functionality to the total amount of nitrogen.
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The schematic representation of the eﬀects of oxidation on the NC at 350 °C, 450 °C and 500 °C, and the subsequent pyrolysis treatment.

higher overpotential compared to nitrogen functionalities.47,48
Their content increase was reflected by the higher overpotential and low n for Ox-350 (see Fig. 4a). The oxygen content of
Ox-450 and Ox-500 increased drastically, both of which had a
significant amount of aromatic carbonyl/quinone functional
groups (Fig. 6b and Table 4). These groups were generated by
the oxidation of the edges of the graphitic domains. Because
of the high number of quinones, the ORR activity was dominated by the 2e− pathway.
After pyrolysis, the oxygen content of both Ox-450 and Ox500 decreased back to the pristine carbon level (see Tables 2
and 4). In particular, the aromatic carbonyl/quinone content
of Ox-450-P and Ox-500-P dropped pronouncedly. This is also
in good agreement with the results of Fourier-transform infrared spectroscopy (FTIR) shown in Fig. 6d. The peak at 1380 ±
20 cm−1 was assigned to the stretching vibration of C–H and/
or the in-plane bending vibration of C–O, which is linked to
the aromatic carbonyl. Its intensity increased substantially
after oxidizing pristine carbon at 500 °C. In contrast, the
sequential pyrolysis removed most of them. The lower fraction
of the aromatic carbonyl/quinone in Ox-500-P compared to the
pristine one also implied the fact that these functionalities
were richer in amorphous domains. Therefore, all the oxidized
samples after the pyrolytic treatment showed a remarkable
increase in ORR activity.
Fig. 7 summarizes the eﬀects of sequential oxidative-pyrolytic treatment on the nitrogen-doped carbon. At 350 °C, only
the amorphous domains are gasified, while the graphitic
domains remain unaﬀected. Increasing the temperature to
450 °C starts the oxidation of the graphitic domain edges and
introduces oxygen functionalities onto the surface. This eﬀect

This journal is © the Partner Organisations 2020

is amplified at 500 °C, where near complete removal of amorphous carbon is expected and the C–C bonds in the graphitic
network break, resulting in surface amorphization in addition
to the generation of OCGs. In the electrocatalytic oxygen
reduction reaction, a positive correlation between the ORR
activity and the degree of graphitization/oxygen functional
group removal is observed. We therefore conclude that the
amorphous domains and the surface OCGs are unfavored in
the ORR catalysis. Rather than the lower level of the active pyridinic N moiety, such a decrease in activity is ascribed to the
lower electrical conductivity and the enrichment of oxygencontaining groups. The lower level of the amorphous domain
also significantly increases the corrosion resistance, contributing to a robust electrocatalyst in fuel cells.29–32

3. Conclusions
By simply applying a sequential oxidative-pyrolytic treatment
of nitrogen doped carbon, we managed to selectively remove
the amorphous domains and the surface oxygen-containing
groups. Via a control experiment, we understand that the graphitic domain in nitrogen-doped carbons is more favoured in
ORR catalysis than the amorphous ones. The higher degree of
graphitization, high conductivity, and less OCGs render
superior ORR activity and corrosion resistance of the
“upgraded” nitrogen-doped carbon. Since most of the heteroatom-doped carbon materials today contain both domains,
our approach and understanding might open new possibilities
of optimizing their catalytic performance.
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